Medium from cocultures of human aortic endothelial cells (HAEC) and smooth muscle cells (HASMC) taken from the same donor contained approximately two-to fourfold more macrophage colony-stimulating factor, granulocyte/macrophage colony-stimulating factor, and up to 5.1-fold more transforming growth factor fi than could be accounted for by the sum of the activities of media from equivalent numbers of HAEC and HASMC cultured separately. After pulse labeling, immunoprecipitated I35Slfibronectin and I'4Cicollagen were also found to be substantially increased in the coculture compared to the sum of HAEC and HASMC cultured separately. The cocultivation of HAEC and HASMC resulted in a 2.7-fold increase in connexin43 messenger RNA. When direct physical contact between HAEC and HASMC was prevented by a membrane that was permeable to medium, the levels of ['Sfibronectin and 114Cjcollagen in the coculture were significantly reduced. Monocytes cultured alone contained low levels of PI5Slfibronectin and ['4Cjcollagen but when added to the coculture there was up to a 22-fold increase in I3Slfibronectin and a 1.9-fold increase in [14Cjcollagen compared to the coculture alone. The increase in fibronectin was prevented in the presence of neutralizing antibody to interleukin 1 and antibody to interleukin 6 by 45% and 67%, respectively. Addition of monocytes to cocultures also induced the levels of mRNA for connexin43 by 2.8-fold. We conclude that the interaction of HAEC, HASMC, and monocytes in coculture can result in marked increases in the levels of several biologically important molecules and that increased gap junction formation between the cells and interleukins 1 and 6 may be partially responsible for these changes. (J. Clin. Invest.
Introduction
Under normal conditions there are only a limited number of smooth muscle cells (SMC)1 and monocytes present in the sub- 1 . Abbreviations used in this paper: COL/SMC, human aortic smooth muscle cell layers grown on a filter and covered with a collagen layer; endothelial space (1) . However, in the course of development of an atherosclerotic lesion there is a marked migration of monocytes and SMC into the subendothelial space (2) . The presence of endothelial cells (EC), SMC, and monocytes in such a confined space might be predicted to favor cellular interactions. In tissue culture, the interaction of EC and SMC has been shown to lead to increased low density lipoprotein (LDL) receptor activity (3) , increased lysosomal cholesteryl esterase activity (4) , and reduced rates of SMC proliferation (5) . The interaction of EC, SMC, and monocytes in coculture has not been previously reported. In the present report we demonstrate that the coculture ofadult human aortic EC (HAEC) with adult human aortic SMC (HASMC) taken from the same donor resulted in increased levels ofseveral biologically important molecules when the cells were cultured under conditions permitting direct cell-cell contact. Moreover, we show that the addition of human monocytes to the coculture markedly enhanced the levels of these matrix components. We also present evidence indicating that cell-cell interaction results in increased induction of mRNA for connexin43 and that interleukins 1 and 6 (IL-1 and IL-6) are involved in increased levels of matrix proteins.
Methods
Materials. Tissue culture medium, reagents, fetal bovine serum (FBS), and pooled human serum (HS) were obtained from sources described gl/cm2) of native collagen type I (0.2% wt/vol) which was allowed to polymerize and form a thin gel layer at 37°C (19) . The collagen layer was subsequently washed with culture medium at 37°C and HAEC were seeded at 2.5 x 106 cells/cm2 and allowed to grow and form a complete monolayer ofconfluent EC in 24-48 h (19) . For mixed cocultures, the procedure described by Antonelli-Orlidge and colleagues (7) was followed where EC were added to subconfluent SMC and the resulting coculture was in the form ofa layer ofmixed islands (or patches) of EC and SMC. In all experiments, the propagated HAEC, and their autologous (matching) HASMC (from the same donor) at passage levels of 5-7 were used. In some experiments cocultures were formed on filters in the form of Transwells. Blood monocytes were obtained from individuals from a large pool ofhealthy donors by a modification ofthe Recalde procedure (20) . The human monocytes isolated by the modified Recalde procedure have been demonstrated to be comparable to monocytes isolated by conventional procedures in terms of cell viability, protein content, purity, and monocyte chemotaxis (19, 20) . A portion of isolated monocytes was cryopreserved in growth medium containing 10% dimethyl sulfoxide according to standard procedures (21) and were found to be indistinguishable from freshly isolated monocytes in adhesion, chemotaxis, and their interaction with HAEC and HASMC. The use ofcryopreserved monocytes was found to be a useful approach for reducing the problem of large variability in different monocyte isolates from various donors. Cocultures, or their components, in tissue culture flasks or on microporous filters were cultured as described (19) , except that in the present study the growth medium (20% heat-inactivated FBS in medium 199) was replaced with 10-15% heat-inactivated pooled human serum (HIHS) in Iscove's modified Eagle's medium (IDME). This resulted in improved purity, growth pattern, and cell morphology. The HAEC and HASMC isolated from the aortic specimens were shown to be essentially free of contaminating cells. Thus, the HAEC were pure as determined by morphology and by assays for factor VIII-related antigen, uptake of LDL modified by malondialdehyde, and labeled with 1, I'-dioctadecyl-3,3,3',3'-tetramethylindo-carbocyanine perchlorate, and for angiotensin-converting enzyme activity (19) . The HASMC were determined to be pure as judged by morphology and by immunohistochemical staining using the monoclonal antibody HHF-35 (19) . In all experiments the number ofHAEC and HASMC were equivalent whether the cells were cultured separately or together. In all cases the HAEC and HASMC within each experiment were from the same donor and aortic specimen. For collection ofconditioned medium for TGF-# bioassays, after three 3-h incubations in IDME, the cultures were incubated in IDME without serum present and 24-h conditioned media were collected. Protease inhibitors pepstatin (1 lsg/ml), leupeptin (1 ug/ml), and aprotinin (3 jg/ml), plus human serum albumin (0.05% wt/vol) were added, the media were centrifuged at 1,500 g for 10 min, and the supernatant solutions were concentrated 10-fold with Centricon units (molecular weight cutoff of 10,000, Amicon Corp., Danvers, MA). A portion of the medium was transiently acidified (22) before storage at -20'C. Experiments on the activation of TGF-# by mixed cocultures of HAEC and HASMC were carried out in a manner identical to that reported by Antonelli-Orlidge and colleagues (7) . For CSF bioassays the medium incubated with the artery wall cells contained 2.5% FBS. After 24 h, the conditioned medium was collected, and as for TGF-f3, protease inhibitors were added, samples were centrifuged, and supernatant solutions were concentrated and stored at -20'C. For Northern blot analyses, cocultures or their individual components were prepared and after interaction among HAEC, HASMC, and monocytes, the media were removed, cell layers were washed with PBS, pH 7.4, and total cellular RNA was isolated by lysis of cell layers in guanidinium isothiocyanate, phenolchloroform extraction, and precipitation (23) . 10 yg ofeach RNA preparation from cocultures or components was denatured and subjected to electrophoresis on a 1.2% formaldehyde agarose gel. This was followed by blotting onto nylon filters and UV cross-linking (24) . TGF-(3 Northern analysis was performed as described (24 (25) and 2 X 106 cpm/ml was used for each blot. The blots were then washed for 30 s with 100 ml of 2X SSC, were washed twice with 500 ml of lx SSC for 30 min each at room temperature and twice with 0.5x SSC for 30 min each at 55°C, and were autoradiographed. The autoradiographs were scanned by laser densitometry, signals were quantitated, and those for connexin were normalized for a-tubulin values.
Bioassays. The biological activity due to CSFs in the conditioned media ofthe cocultures or the components (i.e., equivalent numbers of HAEC or HASMC cultured separately) was determined by the colony formation assay employing mouse bone marrow cells for M-CSF (26) and human bone marrow cells for GM-CSF (27) . For calculating the CSF activity in the conditioned media from cell cultures, the number of colonies produced by medium from collagen alone was considered as background and was subtracted from values obtained for medium from cell cultures. Bioassays for TGF-,B based on anchorage-independent growth and colony formation of AKR-2B cells in soft agar were performed as described (28, 29) .
Metabolic labeling ofcells. HAEC cultured on collagen (EC/COL) on a filter (0.6-or 4.5-cm2 surface area), collagen layered on HASMC (COL/SMC) on a filter, or the combination (EC/COL/SMC) on a filter were metabolically labeled with [35S]methionine (200 ,Ci/ml) for 2 h in methionine-free medium, or with [14C]proline (20 1ACi/ml) for 2 h in proline-free medium in the presence of 2.5% HI serum. The culture media were collected and the protease inhibitors (30) were added. The cultures were then washed with medium containing 40 zM nonradioactive methionine and incubated in this medium for 2 h. The chase medium was collected, protease inhibitors were added, the medium was centrifuged at 350 g, and the supernatants were kept at -20°C. The cell layers on filters were washed three times with phos-phate-buffered saline (PBS) pH 7.4, and 1.0 ml of buffer A (30) was added to each of the filters which were subsequently kept at room temperature for 30 min. The cell lysates together with matrices were quantitatively transferred to microcentrifuge tubes containing protease inhibitors and kept at -20'C.
Immunoprecipitation ofradiolabeledfibronectin and collagen. Before immunoprecipitation, the thawed media were precleared with protein A-Sepharose. Trichloroacetic acid (TCA)-precipitable counts were then determined (31) . To equal TCA-precipitable counts (50-200 dl) from each sample, was added 10 MAl of anti-human fibronectin IgG fraction or 2 Ml of anti-human collagen IgG fraction and the volume was adjusted to 500 gl with buffer A. Immunoprecipitation and gel electrophoresis were then carried out as described (30) (31) (32) . The gels were fixed, treated with Enhance, and autoradiographed. The levels of the radiolabeled and immunoprecipitated (RI) fibronectin or collagen were determined by direct counting of 10-Ml aliquots of RI samples before polyacrylamide gel electrophoresis (PAGE), by laser densitometry of the autoradiograms obtained after PAGE, and by cutting out of the gels of the areas corresponding to RI fibronectin or collagen bands on autoradiograms followed by counting for their 35S or '4C content.
Addition ofmonocytes to cocultures. EC/COL, COL/SMC, or EC/ COL/SMC on filters were exposed on the basal side (side opposite to the cells), to the reference chemoattractant n-formyl-methionyl-leucylphenylalanine (FMLP) at a concentration of 10-' M for 60 min at 37°C. This concentration was previously found to be optimal for maximum monocyte chemotaxis in this system (19) . Human monocytes (1 X 106 cells/ml. cm2) were presented to the apical side ofthe cell layers on filters and the incubation was continued for 60 min. This medium contained 2.5% HI autologous serum. After this step ofincubation, the medium containing the nonadherent leukocytes was removed. The cell layers on the filters were washed with I ml ofIDME at 37°C to remove the cells that were loosely attached to the endothelial monolayer. Human monocytes were also presented to filters with collagen matrix alone and exposed on the opposite side of the filter to FMLP at a IO-'
M concentration. The cultures on the filters were maintained in IDME containing 30% HI autologous serum, supplements, and antibiotics and the levels of fibronectin and collagen were determined. In addition to the procedure described for immunoprecipitation of fibronectin or collagen, a simple immunoadsorbtion assay was developed, based on reported procedures (33) , for rapid detection of the levels of radiolabeled fibronectin. In this assay antihuman fibronectin antibody (IgG fraction, 15.9 mg/ml) was diluted 1:1,000 in 0.1 M carbonate buffer, pH 9.6. Wells in microtiter plates were coated with 150 ul of diluted antibody. Wells with nonimmune IgG or with no antibody were included as controls. The plates were incubated at 4°C for 16 h. The wells were then washed three times in a PBS/Tween-20 solution (33). The antibody solution was aspirated and 10 Ml samples to be tested were diluted 1:10 (vol/vol) in PBS supplemented with BSA (5 mg/ml) and were applied to wells in duplicates of 100 ul each. Wells with excess nonradioactive fibronectin were also included as controls. After incubation for 16 h at 4°C the plates were washed five times with PBSTween and were rinsed five times with distilled water. The wells were cut out, and the I'S content was determined. In addition to the standard gel electrophoresis procedure used, in later stages ofthese studies a tricine mini-gel system (34) was employed for the analyses of RI fibronectin, which was found to resolve the fibronectin into a pattern that was spatially identical but qualitatively superior to that obtained by polyacrylamide gels containing 8 M urea. In addition the mini-gel system, required only one-third the sample size, and one-tenth the length of time compared to the standard SDS-PAGE systems. In order to determine the level of fibronectin in the conditioned medium of the same cocultures at several time intervals without 3"S radiolabeling, an established ELISA for fibronectin (33) was used.
Otherprocedures. Measurement ofcell protein content was done by the method of Lowry et al. (35) , and determination ofcell number was carried out by standard procedures (21) .
Results
Growthfactor activity. Using the HAEC and HASMC from the same heart donor, multilayer cocultures were established, conditioned media were obtained, and the biological activities of the CSFs were determined. For M-CSF, after subtracting the number ofcolonies produced by medium incubated with collagen alone, the medium conditioned by cocultures was found to produce 2.3-fold more colonies than could be accounted for by those from the same number of HAEC and HASMC cultured separately (Fig. 1 A) . Preincubation of the conditioned medium with neutralizing antibody to M-CSF prevented colony formation, indicating that the bioactivity was indeed due to M-CSF (Fig. 1 A) . The coculture medium also contained 3.7-fold more GM-CSF bioactivity compared to the sum of the activities in the medium from HAEC and HASMC (Fig. 1 B) .
Preincubation of the conditioned medium with neutralizing antibody to GM-CSF prevented colony formation, indicating that the bioactivity was in fact due to GM-CSF (Fig. 1 B) .
Northern analyses demonstrated that both the HAEC and HASMC contained mRNA for TGF-fl. The levels of mRNA from the cocultures were at least equal to the sum ofthose from the components (data not shown). AKR-2B cells form colonies specifically in response to TGF-(i (28) . As demonstrated in Fig.  1 C, the addition oftransiently acidified media from the components did not significantly stimulate colony formation but addition of transiently acidified media from the coculture had a marked stimulatory effect (up to 5. 1-fold over the sum of the components). The colony formation was inhibited in the presence of neutralizing antibody to TGF-f3 but not when an irrelevant antibody was added (Fig. 1 C) . In contrast to previous reports of cocultures of bovine EC and SMC (7, 8 ) the increased TGF-j activity seen in the cocultures established for the present studies was entirely latent (i.e., required transient acidification for expression; data not shown). When, however, conditions employed by Antonelli-Orlidge and colleagues (7), where EC and SMC are grown not as multilayers of confluent EC and SMC but as mixed cultures were used, the growth of HAEC was inhibited by coculture medium indicating the presence of active TGF-,3 in these coculture media (data not shown).
Matrix components. The results ofimmunoprecipitation of radiolabeled fibronectin from the media and cell lysates of the components and the coculture are demonstrated in Fig. 2 8 and 3) . The results of immunoprecipitation oftype I collagen from the medium and cell lysates from cocultures and components is shown in Fig. 3 . The coculture (E + S) demonstrated collagen levels that were higher (2.7-fold in the media, panel A and 2.4-fold in the cell layers, panel B) than could be accounted for by the sum ofthe contributions ofthe components (E + S, lane 3 vs. E, lane I or S, lane 2, arrow). The presence ofneutralizing antibody to TGF-3 (+antiTGF-f3, lanes 4-6) reduced the collagen levels in the coculture medium (by 43%) and in the cell layers by 47% but markedly enhanced the amount of collagen in HASMC cultures (1.9-fold for the media and 2. Addition of human blood monocytes (M) to the cocultures (ES) produced a dramatic increase (up to 22-fold) in the fibronectin levels in the culture media (Fig. 4 A, arrow) . The increase in type I collagen produced by the interaction of monocyte-macrophages and the cells of the artery wall was less pronounced (1.9-fold) (Fig. 4 B) .
The results of immunoradioassay for fibronectin (Fig. 5 B) confirmed the results generated by laser densitometry of the autoradiograms obtained after gel electrophoresis of immunoprecipitates (Fig. 5 A) , which were both similar to the results obtained by direct determination ofradioactivity in aliquots of immunoprecipitates before applying to gels (data not illustrated). There was complete agreement between the results in Fig. 5 (Fig. 7) . Presence of neutralizing antibody to IL-I or neutralizing antibody to IL-6 during the interaction of monocytes with cocultures of HAEC and HASMC resulted in 45% and 67% reduction in the levels of immunoreactive fibronectin in the culture media, respectively (Fig. 7) , whereas the presence of irrelevant IgG did not significantly change the fibronectin levels (Fig. 7) . Presence levels of fibronectin produced by the interaction of monocytes and cocultures of EC and SMC (data not shown).
Discussion
In normal arteries very few SMC are found in the subendothelial space (1) . Higher numbers of SMC in association with EC have been observed in experimental atherosclerosis (2) and in atherosclerotic human arteries (2, 36) . Accumulating evidence indicates that substantial direct physical contact and interaction occurs between EC and SMC in vitro (4, 6-8, 37, 38) and in vivo (38) (39) (40) (41) (42) . In our studies, the interaction in vitro between HAEC and HASMC produced a two-to fourfold increase in M-CSF and GM-CSF levels in the culture media (Fig. 1) . M-CSF can support the growth and survival of monocyte-macrophages in vitro even in the absence of serum growth factors (43) . From the study of autopsy specimens of human coronary arteries, Stary (36) speculated that many of the monocytemacrophages in the subendothelial space would have died unless their survival had been supported by growth factors (36).
M-CSF produced by the interaction of EC and SMC could potentially act as one such factor. GM-CSF could be another one. GM-CSF has been shown to prolong the survival, differentiation, proliferation and development of responsive cells in vitro (43) . Lang et al. (44) demonstrated that the expression of GM-CSF gene in transgenic mice led to the accumulation of monocyte-macrophages in tissues such as eyes, striated muscle, and in peritoneal cells expressing this gene and resulted in substantial tissue damage (44) .
Cocultures of HAEC and HASMC under the conditions employed in the present study led to a marked increase in latent TGF-f (Fig. 1 C) . In contrast to the results of AntonelliOrlidge et al. (7) and Sato and colleagues (8, 48) all of the activity in our culture media was latent. Since we were able to reproduce the results of Antonelli-Orlidge by using growtharrested HASMC and culturing HAEC directly mixed with them following the exact conditions described (7), we cannot ascribe the different results to the difference in cell types. It seems more likely that the architecture of our culture model (which is more similar to that of artery wall in vivo) favored the (52) , the TGF-3 receptor expression and its interaction with matrix and modulation of TGF-j# binding to cell (53) , the level ofTGF-,3 inhibitor and the composition ofmatrix (54, 55) , and the combination of other growth factors (56, 57) have all been reported to affect the cellular responses to TGF-f3. According to Sporn and Roberts (58) , this peptide growth factor can have both growth stimulatory and inhibitory activity in a single cell, depending on the context ofthe other signal molecules present. Streuli and Bissell (55) found that, in mammary epithelial cells grown on plastic, there was a dramatic induction offibronectin message, while the induction was inhibited in the same cells grown on collagen gel. The authors noted that soluble factors such as TGF-,3 are increased and/or activated and mediate changes in matrix expression to varying degrees in cells cultured on different substratum (55) . Regardless of the role of TGF-f3, the coculture of HAEC and HASMC clearly led to an increase in the production of both fibronectin and collagen which depended on close physical approximation of the two cell types (Figs. 2 and 3) . The increased induction of the gap junction protein connexin43 in cocultures of EC and SMC (Fig. 6) indicates the possibility ofincreasedjunctional communication and interaction between the EC and SMC in these cocultures (5, 10, 59) . In the present study, addition of human monocytes from nine different donors (but not from three others) to the cocultures amplified the production ofthe extracellular matrix molecules (Figs. 4, 5, and 7) . Addition ofmonocytes to cocultures also produced a marked induction of connexin43 raising the possibility of increased direct heterotypic cellular communications.
Upon activation, monocytes demonstrate markedly increased activities for numerous factors including for IL-1 (60) . We have observed that during the process of monocyte transmigration into the subendothelial space of the coculture the cells acquire the typical appearance of spread monocytes suggesting the activation of these cells (unpublished observations, and reference 61) . Injection of IL-1 into rats has been reported to produce elevated serum levels offibronectin (62) . Leukocyte interleukins have also been reported to induce cultured EC to produce a highly organized pericellular matrix (63) . IL-1 induces IL-6 in certain cell types (64 (65) demonstrated that monocytes stimulated by IL-1 produced increased levels of IL-6 and that in turn resulted in elevated levels of fibronectin in cultured hepatocytes. Lanser and Brown (66) have shown that increased fibronectin production by rat hepatocytes exposed to conditioned medium from stimulated monocytes is due to IL-6. In the present study, the significant inhibition of monocyte-induced increase in fibronectin levels in cocultures of artery wall cells by neutralizing antibodies to IL-1 and to IL-6 strongly suggests the involvement of these cytokines in the monocyte-artery wall cell interactions. Both fibronectin and collagen type I have been implicated in atherogenesis (67) . Increased levels of fibronectin were seen in rabbit aorta 4 wk after cholesterol feeding (68) . Moreover, substantial levels of fibronectin have been observed in the extracellular matrix of fatty streaks and in some areas of fibrous plaque containing large numbers of subendothelial cells in human arteries (69) . Similarly, increases in collagen have been shown in several experimental models of atherosclerosis (70) . Additionally, atherosclerotic lesions of human intima are known to have an increased collagen content (71) and collagen type I was reported to be the prominent form in the diseased vessels (72).
The results of the studies reported here suggest that the migration of SMC and monocytes into the subendothelial space of the early atherosclerotic lesion may lead to cell-cell interactions that result in production of several biologically important molecules that may amplify lesion development. Consistent with this notion are our recent findings that high levels of M-CSF mRNA are present in the atherosclerotic lesions of both Watanabe heritable hyperlipidemic and cholesterol-fed rabbits (73 lecting the aortic specimens.
